A slow progressive death of neurons is the hallmark of neurodegenerative diseases, such as glaucoma. A therapeutic candidate, erythropoietin (EPO), has shown promise in many models of these diseases; however, it also causes polycythemia, a potentially lethal side effect. We have developed a novel mutant form of EPO that is neuroprotective but no longer erythropoietic by altering a single amino acid (arginine to glutamate at position 76; R76E). We hypothesized that a single intramuscular injection of recombinant adeno-associated virus carrying EpoR76E (rAAV2/5.CMV.EpoR76E) would protect retinal ganglion cells in a mouse model of glaucoma without inducing polycythemia. This systemic treatment not only protected the retinal ganglion cell somata located within the retina; it also preserved axonal projections within the optic nerve, while maintaining the hematocrit within normal limits. The rescued retinal ganglion cells retained their visual function demonstrated by flash visual evoked potentials. To our knowledge, this is the first demonstration of a therapy that protects neurons from death and prevents loss of visual function from the slow neurodegenerative effects of glaucoma. Because of its broad range of cellular targets, EpoR76E is likely to be successful in treating other neurodegenerative diseases as well.
Introduction

M
any neurodegenerative diseases such as Alzheimer's, amyotrophic lateral sclerosis (ALS), multiple sclerosis (MS), Parkinson's, and glaucoma are characterized by the slow, progressive loss of neurons. In most of these cases, neuronal death is triggered by a variety of factors that are disease specific. Autoimmunity plays a key role in MS causing severe axonal damage, as well as in ALS, where it leads to loss of motor neurons. Alzheimer's is often associated with plaques and tangles in the brain and in glaucoma it appears that an increase in intraocular pressure (IOP) causes axonal damage and retinal ganglion cell (RGC) death. Whereas many laboratories are working to develop diseasespecific interventions, we hope to develop general neuroprotective treatments, such as erythropoietin (EPO) , that may ameliorate neurodegenerative diseases regardless of their initiating factors.
Several investigations have established EPO as a neuroprotective agent, protecting multiple neuronal cell types from various injuries (Konishi et al., 1993; Sakanaka et al., 1998; Grimm et al., 2002 Grimm et al., , 2004 van der Kooij et al., 2008) . Previously, our laboratory focused on delivery of a mutated form of erythropoietin (EPO) to rescue photoreceptor cells in a mouse model of retinal degeneration (Sullivan et al., 2011) . EPO and EPO-R76E can cross the blood-brain barrier, allowing direct access to vulnerable neurons (Brines et al., 2000; Ehrenreich et al., 2004) . We demonstrated that this mutant form of EPO was able to provide high levels of protection without significantly increasing hematocrit. The success of EPO in protecting photoreceptors compelled us to test this approach as a treatment for the slow progressive loss of neurons that occurs in other types of neurodegenerative disease.
The present study uses gene therapy and systemic delivery of EPO-R76E to assess treatment potential for degenerating neurons in the DBA/2J model of glaucoma. We have selected glaucoma as a model system in part because of the anatomical separation between RGC somata (located in the proximal retina) and their axons (located in the optic nerve), which allows us to differentially monitor two aspects of neuronal degeneration: (1) cell body loss through apoptosis or necrosis and (2) axonal (Wallerian) degeneration. A further advantage is that a functional visual test exists (flash visual evoked potential, F-VEP) that assesses communication from the RGC soma, through the axon, to the visual cortex, allowing us to measure functional protection of the treatments.
A well-characterized model of pigmentary glaucoma, the DBA/2J mouse was used in our experiments ( John et al., 1998) . The initial neuronal injury occurs at the optic nerve head (Howell et al., 2007; Buckingham et al., 2008) , initiating anterograde Wallerian degeneration of the ganglion cell axons projecting to the brain, resulting in vision loss. The axonal injury also leads to programmed cell death of the RGC somata within the retina (Howell et al., 2007; Beirowski et al., 2008) . The progressive pathology of this pigmentary glaucoma model, although asynchronous between eyes, can be predicted by monitoring IOP levels ( John et al., 1998) . The IOP increases between 6 and 12 months of age, with optic nerve damage beginning at 8 months and increasing in severity with age (Libby et al., 2005) . We studied the effects of treatment with the candidate drug, recombinant adenoassociated virus (rAAV) carrying Epo-R76E, on both the anatomical loss and functional integrity of RGC somata and axons in this model.
Materials and Methods
Injections
DBA/2J mice were obtained from Jackson Laboratory (Bar Harbor, ME). Vectors were produced by the University of Iowa Vector Core (Iowa City, IA). A Hamilton syringe was used to deliver 10 ll containing 1 · 10 11 genome copies of rAAV2/5.CMV.eGFP, rAAV2/5.CMV.Epo, or rAAV2/ 5.CMV.EpoR76E into the quadriceps of 1-month-old mice. The Epo transgene was derived from rhesus; this was used in previous studies and therefore, for consistency, was used in this study as well (Sullivan et al., 2011) . All experimental procedures were conducted in accordance with the Association for Research in Vision and Ophthalmology (ARVO, Rockville, MD) Statement for the Use of Animals in Ophthalmic and Vision Research and were approved by the Institutional Animal Care and Use Committee at the University of Tennessee Health Science Center (Memphis, TN).
Intraocular pressure
Mice were anesthetized with ketamine/xylazine/urethane (25/10/800 lg/g body weight). IOP was measured monthly from 5 to 8 months of age, using a TonoLab tonometer (Colonial Medical Supply, Franconia, NH). The TonoLab rebound tonometer was used because it is noninvasive, accurate, and reproducible in DBA/2J mice as well as other mouse strains (Wang et al., 2005; Filippopoulos et al., 2006) . Mice that developed an IOP of 13 mmHg or greater were used in the analysis.
Immunohistochemistry
At 10 months of age mice were euthanized and eyes were enucleated and stored in 4% paraformaldehyde in 0.1 M phosphate buffer, pH 7.4, at 4°C. Retinas were isolated and incubated in phosphate-buffered saline (PBS) and blocked in 20% normal donkey serum in PBS containing 0.1% Triton X-100 and 0.5% bovine serum albumin (BSA) for a minimum of 2 hr at 4°C. The primary antibody, anti-neuronal nuclei (NeuN monoclonal antibody; Chemicon, Temecula, CA), was used at a 1:500 dilution and the secondary antibody (Alexa 488; Invitrogen, Carlsbad, CA) was used at a 1:200 dilution. Retinas were placed RGC side up, mounted with VECTASHIELD containing 4¢,6-diamidino-2-phenylindole (DAPI) (Vector Laboratories, Burlingame, CA), and viewed with a Nikon Eclipse TE2000 confocal microscope (Nikon, Tokyo, Japan).
RGC imaging and counts
Retinas were first imaged at 4 · magnification and a grid was placed over each retina to randomly select eight locations to be imaged at 40 · magnification. The number of NeuN-positive cells in each region was counted manually with ImageJ software (available at http://rsbweb.nih.gov/ij/; developed by W. Rasband, National Institutes of Health, Bethesda, MD) and MetaMorph (Universal Imaging/Molecular Devices, Sunnyvale, CA).
EPO enzyme-linked immunosorbent analysis and hematocrit
Serum from blood samples was probed for EPO and EPO-R76E, using the human EPO Quantikine IVD ELISA kit according to the protocol of the manufacturer (R&D Systems, Minneapolis, MN). It should be noted that the ELISA kit is calibrated against human EPO and has been shown to be 4-fold less sensitive for rhesus versus human EPO (Rivera et al., 2005) , and this was taken into account for calculations presented in this paper. The absorbance at 450 nm with 600 nm reference was detected with a BioTek lQuant plate reader (BioTek, Winooski, VT). In some mice the serum samples were pooled in order to obtain sufficient material for the ELISA. Hematocrit was measured by capillary centrifugation.
Optic nerve damage
Optic nerves were isolated and placed in 4% paraformaldehyde in 0.1 M phosphate buffer, pH 7.4, for 1 week at 4°C. Next, samples were postfixed in 1% osmium tetroxide in 0.1 M cacodylate buffer, dehydrated in a graded ethanol series, further dehydrated in propylene oxide, and embedded in EMbed 812 resin (Electron Microscopy Sciences, Hatfield PA), cut into 1-lm sections (Reichert-Jung Ultracut E; Leica Microsystems, Vienna, Austria) and stained with 1% phenylenediamine in 50% methanol (Sigma-Aldrich, St. Louis, MO). Sections were viewed by light microscopy, using an Olympus BX51 microscope (Olympus America, Center Valley, PA). Before beginning axon counts, the optic nerve was traced at 10 · magnification and the cross-sectional area was automatically calculated with ImageJ software. The entire length from top to bottom of the same cross-section was then imaged, using a 60 · oil immersion lens. Approximately the same region of 0.010 mm 2 was selected from each · 60 image; both live and dead axons were manually counted with ImageJ software. Measurements of the cross-sectional area of the optic nerve were used with axon density to estimate the total number of axons.
F-VEP
After overnight dark adaptation, mice were anesthetized with an intraperitoneal injection of ketamine/xylazine/ 2 SULLIVAN ET AL.
urethane (25/10/800 lg/g body weight). Although urethane potentiates some ion channels (Hara and Harris, 2002) , it was used consistently in all the mice in this study, and therefore it did not affect the relative F-VEP results between groups. Body temperature was maintained at 37°C with a heading pad. Pupils were dilated with 1% atropine. Platinum needle electrodes (Grass Technologies, West Warwick, RI) were placed approximately 3 mm lateral to lambda over the left and right cortex. Flashes of white light at an intensity of 1.0 cd$sec/m 2 were presented in a Ganzfeld dome (Diagnosys, Lowell, MA). The flash frequency was 1 Hz with an inner sweep delay of 500 msec. Each result was an average of 200 sweeps.
Phlebotomy
Mice treated with rAAV2/5.CMV.Epo developed a hematocrit above 90% and therefore had to be phlebotomized weekly. Mice treated with rAAV2/5.CMV.eGFP or rAAV2/ 5.CMV.EpoR76E were not phlebotomized. Phlebotomy was performed by tail vein clipping or facial vein puncture according to a slightly modified published protocol (Golde et al., 2005) . Briefly, approximately 0.2 ml of blood was collected weekly from the mice. The collection site was alternated between the tail vein and the facial vein. A 20-gauge needle (Becton Dickinson, Franklin Lakes, NJ) instead of a lancet was used to penetrate the facial vein.
Statistical analysis
One-way analysis of variance (ANOVA) followed by a pair-wise Bonferroni post hoc comparison test, with a p value £ 0.01 considered statistically significant, was used to compare RGC counts, axon counts, N1 amplitude, and P1 amplitude. Statistical analysis was performed with Prism 4.0 software (GraphPad, San Diego, CA).
Results
The DBA/2J mouse strain has a variable response in the elevation of IOP; however, when IOP is high neuronal loss occurs. To identify animals with elevated IOP and, therefore, the potential for developing glaucoma, we measured the IOP between the ages of 5 and 8 months (Fig. 1) . The baseline IOP we observed at 3 months of age (12.5 mmHg) was in agreement with previous reports ( John et al., 1998; Savinova et al., 2001) . Once the baseline data were collected we aged a cohort of 47 mice. At 8 months of age, 73 of the 94 eyes had an IOP that exceeded the baseline. All of the eyes with an elevated IOP of ‡ 13 mmHg were included in the study to test the effects of EPO and EPO-R76E.
To assess the neuroprotective effects of EPO, we examined the optic nerves of four groups of mice: 3-month-old mice (before the onset of glaucoma) and 10-month-old mice receiving either rAAV2/5.CMV.eGFP (control vector), rAAV2/5.CMV.Epo (Epo vector), or rAAV2/5.CMV.EpoR76E (mutant Epo vector). An obvious difference was observed when examining the cross-sections of the optic nerves ( Fig. 2A) . As expected (Libby et al., 2005; Buckingham et al., 2008) , there was little degeneration in the optic nerves from young mice and a significant amount of degeneration in the nerves from the older control mice. The effects of both normal EPO and mutant EPO were apparent even at low magnification. Mice treated with either Epo vector had optic nerves that resembled those in young mice without the degeneration observed in aged-matched control mice. To confirm these observations, axons in the optic nerve were counted (Fig. 2B ). This quantification confirmed our initial observation, with 70% more surviving axons ( p £ 0.001) in mice treated with the Epo vector (36,366 axons per nerve) and with the mutant Epo vector (33,841 axons per nerve), than in age-matched control mice (10,648 axons per nerve). There was no significant difference in the number of surviving axons between the EPO-treated optic nerves and nerves from young untreated controls.
The preservation of the optic nerve mimics the protective effect of both Epo vectors on RGC somata. Retinal flat mounts from all four groups were probed with anti-NeuN (Fig. 3A) , a marker for RGCs (Canola et al., 2007; Dijk et al., 2007; Zhong et al., 2007; Buckingham et al., 2008) and some displaced amacrine cells. Young mice had a high NeuNpositive cell density throughout the entire retina whereas Mice that exhibited an IOP below 13 mmHg ( · ) were not likely to have appreciable RGC loss and were not included within this study.
older control mice had some areas that were completely devoid of cells. The ganglion cell layer (GCL) of mice treated with either Epo vector closely resembled that of younger mice having a dense population of cells throughout. To directly assess the effects of our treatment, NeuN-positive cells in the GCL were counted (Fig. 3B) . The average cell density in young mice (406 cells ) provided a significant level of protection to RGC somata ( p £ 0.001). In addition, there was no significant difference in the number of NeuN-positive cells in the Epo-treated groups as compared with the young controls.
In addition to anatomical preservation of both axons and somata, we found that gene therapy using either Epo vector also preserved visual function in DBA/2J mice. F-VEPs were measured in the visual cortex of DBA/2J mice from all four groups. For a signal to reach the visual cortex both the RGC soma and axon must be intact. The classical N1 and P1 peaks in the F-VEP averaged waveforms were assessed in each treatment group (Fig. 4A) . Young DBA/2J mice produced a robust and reproducible signal. By 10 months of age the signal had severely diminished in untreated animals. The decline was particularly notable in the N1 peak; a number of these mice had no detectable signal at all. Ten-month-old mice that received treatment with either the Epo or the mutant Epo vector had visually evoked responses that resembled those of their younger counterparts. The average amplitude and the latency of the N1 and P1 peaks were quantified ( Fig. 4B-E) . Young mice had normal N1 (15.7 lV) and P1 (11.3 lV) peak amplitudes ( Fig. 4B and C) . There was considerable attenuation of the peaks in older control (eGFPtreated) mice (N1, 7.3 lV; P1, 4.2 lV). When animals received either Epo vector there was preservation of the evoked potential amplitude. Ten-month-old mice that received the Epo vector had an N1 peak of 16 lV and a P1 peak of 14 lV. These evoked potentials were significantly higher than those observed in age-matched controls ( p £ 0.001). Similarly, treatment with the mutant Epo vector also rescued both peaks (N1, 14 lV; P1, 8 lV; p £ 0.001 and p £ 0.05, respectively). Compared with preglaucomatous controls, the latency of both the N1 and P1 peaks was unchanged in 10-month-old rAAV2/5.CMV.eGFP-treated mice with high IOP (Fig. 4D and E) . Treatment with either Epo vector did SYSTEMIC GENE THERAPY PROTECTION AGAINST GLAUCOMAnot statistically significantly alter the latency of either peak, even with the inclusion of one rAAV2/5.CMV.Epo vectortreated mouse that had a large increase in the latency time of both peaks ( p > 0.05; Fig. 4D and E). rAAV-mediated gene therapy using either the wild-type Epo vector or the EpoR76E mutant vector produced similar amounts of circulating EPO (Table 1) . However, long-term treatment with the mutant vector caused little change in hematocrit whereas similar treatment with the wild-type vector caused dangerously high hematocrit levels (Table 1) . Treatment with either rAAV2/5.CMV.Epo or rAAV2/5.CMV.-EpoR76E had no statistically significant effect on the IOP (Fig. 5) .
Discussion
Glaucoma is the second leading cause of blindness worldwide, affecting nearly 70 million people (Quigley and Broman, 2006) . At present, there are no neuroprotective agents clinically available for preventing RGC death or reducing visual field loss in patients with primary open angle glaucoma (Sena et al., 2010) . Here we show for the first time that systemic gene delivery of Epo or EpoR76E is capable of protecting both the axons and the RGC somata from glaucomatous damage in DBA/2J mice, and that this morphological protection translates into functional rescue of the visual pathway against glaucomatous damage. In addition, the expression of mutant EPO-R76E provided this protection while maintaining the hematocrit within healthy limits.
The F-VEP is an appropriate electrophysiological test for the study of functional loss due to optic nerve diseases (Holder, 2004) . If either the RGC soma or axon is compromised the signal cannot reach the visual cortex and therefore is not detected by F-VEP (Sabel and Aschoff, 1993; Heiduschka et al., 2005 Heiduschka et al., , 2010 . At 2 years of age nearly all untreated DBA/2J mice have advanced glaucoma resulting in few remaining RGCs and almost no detectable cortical activity as measured by F-VEP (Heiduschka et al., 2010) . In the current study we found that as early as 10 months of age the majority of control mice also had minimal cortical response because of glaucomatous damage. Untreated glaucomatous mice had low but detectable N1 and P1 amplitudes and normal latencies, indicating extensive cell death, but normal There was no statistically significant difference in the N1 and P1 peak amplitude between the preglaucomatous control mice, the rAAV2/5.CMV.Epo-treated mice, and the rAAV2/5.CMV.EpoR76E-treated mice. There was no statistically significant difference in the peak latency of the N1 and P1 waves between any of the treatment groups and the preglaucomatous control mice. The up arrow ([) in (A) indicates a flash of light.
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synaptic connectivity in the remaining cells. Treatment with either rAAV2/5.CMV.Epo or rAAV2/5.CMV.EpoR76E preserved the F-VEP, which was similar to that observed in young mice. On average, mice receiving these vectors showed complete rescue of the N1 and P1 amplitudes, demonstrating functional protection of the RGC soma and axon.
The results of this study and others (Bayer et al., 2002; Keswani et al., 2004; Campana et al., 2006; Yin et al., 2010) indicate that systemic delivery of EPO is therapeutic for a broad range of neurodegenerative diseases both in the peripheral and central nervous systems. In many neurodegenerative diseases axonal degeneration precedes death of the neuronal cell body and is often causal of disease symptoms (Coleman and Perry, 2002; Raff et al., 2002) . This is true of glaucoma, in which progressive axon degeneration is the key pathogenic event causing vision loss and eventual death of the RGC soma (Howell et al., 2007; Nagaraju et al., 2007; Beirowski et al., 2008) . Therefore, demonstration of protection in glaucoma may indicate that our mutant EPO will also protect against many other CNS degenerative diseases. One likely example is Alzheimer's disease, in which there appears to be a genetic link with glaucoma because the rate of glaucoma in Alzheimer's patients is five times higher than that observed in a control population (Bayer et al., 2002; McKinnon et al., 2003) . Also, systemic protein therapy with EPO or nonerythropoietic EPO has been shown to rescue axons in other neurodegenerative models including optic nerve crush (Wang et al., 2009) , acrylamide-induced neuropathy (Keswani et al., 2004) , chronic constriction injury model (Campana et al., 2006) , sciatic nerve transection (Yin et al., 2010) , and ALS (Mennini et al., 2006) .
In the DBA/2J model the primary insult to the optic nerve occurs in the glial lamina as a result of increased IOP (Howell et al., 2007) . Although the mechanism of the pathogenesis is unknown several possibilities exist, including mechanical stress, glutamate excitotoxicity, neurotrophin deprivation, oxidative stress, glial cell modulation, and inflammation (Baltmr et al., 2010; Qu et al., 2010) . Here we report that the protection afforded by EPO is independent of IOP levels. This is of key importance because all currently available therapies are targeted at lowering the IOP, and these therapies have had only mixed success due to poor patient compliance and a subpopulation of patients with normal-tensive glaucoma. In contrast, systemic treatment with EPO-R76E blocks progression of the disease at time of treatment regardless of the IOP.
There are three potential mechanisms by which EPO might provide protection to the RGCs:
1. Direct interaction with the RGCs: EPO could interact directly with the RGC somata or axons, allowing them to maintain metabolic activity and function despite increased pressure. This hypothesis is supported by the fact that EPO and its receptor are expressed in the RGC layer of both humans and mice. Furthermore, EPO treatment of the retina activates the expected signal transduction cascades ( Junk et al., 2002; Shah et al., 2009; Scheerer et al., 2010) . Also, in vitro evidence suggests that EPO acts as a paracrine factor (Ruscher et al., 2002) and protects neurons from excitotoxic conditions including exposure to N-methyl-d-aspartic acid (Digicaylioglu and Lipton, 2001) or nitric oxide (Yamamoto et al., 2004) . 2. Interactions with surrounding cells: EPO may act on the surrounding tissue to provide indirect protection to the optic nerve. Increased glial reactivity within astrocytes and Mü ller cells in the retina (Inman and Horner, 2007) as well as astrocytes and microglia within the optic nerve head is associated with the glaucomatous state in the DBA/2J model (Hernandez et al., 2008; Son et al., 2010) . We have shown that treatment with EPO can decrease Mü ller cell hypertrophy (Rex et al., 2009) . In astrocytes, glutamate activation of aquaporin-4 increases water permeability and causes edema (Gunnarson et al., 2008) . EPO prevents this aquaporinmediated swelling in astrocytes by blocking the activation of group 1 metabotropic glutamate receptors (Gunnarson et al., 2009 ). In addition, reactive astrocytes in the optic nerve head produce nitric oxide synthase in response to increased IOP (Neufeld et al., 1997 (Neufeld et al., , 1999 . Nitric oxide has been shown to be an ''axonal injury factor'' that stimulates production of endogenous EPO as a protective factor to reduce axonal degeneration in an acrylamide-induced neuropathy model (Keswani et al., 2004) . Mice treated with rAAV2/5.CMV.Epo were phlebotomized routinely to keep hematocrit levels from exceeding 90%; no other treatment groups required this.
FIG. 5. Erythropoietin (EPO) does not affect the IOP level.
The scatter plot shows the IOP levels and serum EPO concentrations from the same 8-month-old DBA/2J mice. As demonstrated by linear regression analysis, there is no correlation between the concentration of EPO and the IOP (R 2 = 0.0006674). The slope of the line = -0.0097.
3. Indirect effects on blood flow and cerebrospinal fluid pressure: Some patients have normal-tensive glaucoma, in which IOP is normal but visual field loss from optic nerve damage still occurs. In a retrospective study of patients with normal-tensive glaucoma, many had lower cerebral spinal fluid (CSF) pressure, which resulted in a transpressure gradient across the optic nerve (the IOP was comparatively higher than the CSF pressure; Berdahl et al., 2008) . This trans-pressure difference may be responsible for optic nerve damage in normal-tensive glaucoma patients (Berdahl et al., 2009; Yang et al., 2010) . EPO may alter this trans-pressure by altering blood flow (Yamasaki et al., 2005; Lin et al., 2007) and, in our model, it might indirectly raise CSF pressure, resulting in a restored balance of pressure on the optic nerve and hence neuroprotection.
In summary, studies by our group and others have demonstrated that systemic therapy with EPO provides protection in various neurodegenerative models including photoreceptor degeneration (Sullivan et al., 2011) , optic nerve crush (Wang et al., 2009) , acrylamide-induced neuropathy (Keswani et al., 2004) , the chronic constriction injury model (Campana et al., 2006) , and sciatic nerve transection (Yin et al., 2010) . Results of the current study have expanded these findings by establishing intramuscular delivery of rAAV2/ 5.CMV.EpoR76E as an improved therapy without hematopoietic side effects and with the potential to treat glaucoma as well as a broad range of neurodegenerative diseases both in the peripheral nervous system and central nervous system. Because systemic EPO is already approved by the U.S. Food and Drug Administration and currently the protein therapy of choice for anemic patients (Wish, 2009) , EPO-R76E is a promising candidate to move quickly from bench to bedside. As a result of these exciting results, we are now testing human EPO-R76E with the goal of ultimately translating this work to the clinic. Additional future studies will further explore possible mechanisms of action of EPO-R76E as well as its therapeutic potential in treating other forms of neurodegenerative disease.
